Introduction

29
Floating vegetation is commonly seen in fresh-water systems, where it can create 30 microenvironments that are chemically distinct from adjacent open water (Ultsch, 1973) .
31
Floating vegetation also impacts phytoplankton and zooplankton biomass, as well as the 32 predation and habitat of fish communities (Adams et al., 2002; Mariana et al., 2003; Padial et 33 al., 2009) . In this paper, we consider the role of floating vegetation in the generation of 
107
For simplicity, we assume the velocity within each layer is vertically uniform, and the 108 geometry of each layer is approximated by a rectangle (Fig. 1) . The continuity equations can 109 then be written as
116 117 The roots exert a drag that retards flow, so that the velocity within the root layer is 118 expected to be lower than the velocity beneath the root layer. We characterize this difference with this velocity ratio. From eqn. (7), the velocity ratio is
This represents the ratio of the drag-dominated velocity scale to the inertial velocity 150 scale. The scale constant K will be determined by experiment.
151
The total energy in the system is the sum of potential (PE) and kinetic (KE) energy.
152
Over time, energy is lost to dissipation in the root layer. This dissipation is equivalent to the 153 rate of work done against the root-layer drag, i.e. Du 3 . The rate of change of the total energy in 154 the system is then,
The potential (PE) and kinetic (KE) energy per unit width are given by the following 159 equations. For simplification, we use
The last term in eqn. (11) 
and the rate of change in kinetic energy is 
The reduced gravity is 
The normalized solution has no dependence on the density difference ∆ρ or the reduced gravity 211 g′. Note that the total domain length L tank also drops out of the formulation, so that the result is 212 not dependent on the flow domain, as expected. Finally, if we let a = 0, or h 3 = 0, we recover 213 the classic solution without vegetation or dissipation, namely, each chamber was measured by hydrometer.
220
As the experiments focused on the impact of the root depth and stem density, the water 
235
A PVC board with a random distribution of holes covered the right side of the tank. Detailed profiles of velocity were acquired using Particle Imaging Velocimetry (PIV).
261
To image the flow in the root layer, it was necessary to create a 5-cm wide gap starting 40 cm 262 from the gate. The distance from the gate to the middle of the gap is denoted L g = 42.5 cm.
263
The width of the gap was chosen both to reliably calculate the velocity field and to minimize was constructed from the instantaneous velocity profiles.
273
The discharge rate was estimated by integrating the velocity profile from the bottom to 274 the point where the flow changes from outflow to inflow. We denote this estimate as q int . We 275 confirmed that the inflow and outflow agreed, with less than 10% difference, indicating the 276 conservation of volume was satisfied. The velocity profiles were also used to estimate the 277 thicknesses of the layers (Fig. 1) . The thickness of the bottom layer, h 1 , was estimated from 278 the height above the bed at which the flow reversed. For example, in Case 2 (Fig. 4) , h 1 = 279 8.5±0.3 cm. The thickness of layer 2 would then be, h 2 = H -h 3 -h 1 = 4.5±0.3 cm (Table 2 ).
280
The model velocities, defined in Fig. 1 
299
The model prediction (eqns. 17 and 18) required three inputs; the scale coefficient, K, 300 which was determined by experiment, the fractional root depth, 
302
From this set, we selected the solution that maximized the total exchange (eqn. 17).
Results
304
Tanino et al. (2005) identified a transition from inertial to drag-dominated flow within an array
305
of cylinders that filled the water depth. They showed that the array drag became dominant 306 over inertia when C D aL > 7. We confirmed this transition in partial depth arrays using two 307 modes of flow visualizations (Fig. 3) . To visualize the intruding front, the fresh water was 308 dyed with fluorescein. As the front arrived at the visualization region (x = 30 to 55 cm), the 309 leading edge of the tracer within the root layer was ahead of that in the region beneath the root 310 layer, indicating that up to this time the velocity in the root layer was higher than that beneath 311 the root layer (Fig 3a) . At the time corresponding to Figure 3a , C D aL 3 = 7, indicating that the 312 system had just reached the drag-dominated limit, so that leading up to this time the system 313 had been in the inertial regime. A later time, when the frontal intrusion was longer and C D aL 3 314 = 18 is depicted in Fig. 3b . At this point, the system is fully within the drag-dominated Figure 1 , the lighter grey layer (ρ f ) advances beneath the heavier white layer (ρ s ).
324
We suspected that convection will eventually occur at the leading edge of the front, but we
325
were not able to observe it in our tank before the front reached the end wall. Once convection is initiated, the velocities in layers 2 and 3 will be more uniform, as momentum mixes between 327 the layers.
328
The time-averaged velocity profile for case 2 (φ = 0.05, h 3 /H = 0.13) is shown in Fig.   329 4. In this case the root depth, h 3 , is 2 cm. The bottom of the root layer is marked by a 
336
The scale constant, K, that defines the velocity ratio,
from measured values of u 3 and u 2 ( Table 2 ). The measured € α are plotted against the 338 dimensionless drag, C D aL g , and a regression was used to find K (Fig. 6) . The drag coefficient 339 for each case was estimated from empirical relations, as described above, with the values 340 reported in Table 2 . The velocity ratio decreases as the dimensionless drag increases, and the 341 trend follows at -1/2 power law, as predicted in eqn. 8. Based on the fit, K = 0.75.
342
As C D aL becomes large, we expect from eqn. 8 and Figure 6 that the velocity within the 343 root layer will eventually become negligibly small, and the system will behave as if the root 344 layer is fully blocked (φ = 1). To verify this behavior, we compare the velocity profile discharge is compared to the two estimates of measured discharge in Table 3 . The ratios of the (q int /q mod <=1). This is expected, since viscosity, which would tend to diminish the exchange,
364
was neglected in the model, but its affects are evident in the full velocity profile. In contrast, 365 the measured discharge q 16 is based on the measured layer velocities, u 1 , u 2 , u 3 , and provides a 366 more direct comparison to the model discharge, which is also based on the layer velocities.
367
Nearly all of the model estimates agree with q 16 , within uncertainty, and the average agreement 368 across the drag-dominated cases is q 16 /q mod = 1.06±0.14. Next, consider the two cases not at 369 the drag-dominated limit (C D aL g < 7). For these cases the model significantly over predicts 
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The bottom of the floating vegetation is at 11 cm, which is marked by a horizontal line. Error 
